We have examined the mechanism of signal transduc- 
is mediated by a protein kinase(s) physically associated with the integrin. Co-immunoprecipitation and GST fusion protein binding experiments showed that the adaptor protein Shc forms a complex with the tyrosinephosphorylated P4 subunit. Shc is then phosphorylated on tyrosine residues and recruits the adaptor Grb2, thereby potentially linking OC64 to the ras pathway.
The 034 subunit was found to be phosphorylated at multiple tyrosine residues in vivo, including a tyrosinebased activation motif (TAM) resembling those found in T and B cell receptors. Phenylalanine substitutions
Introduction
Basement membranes provide cells with positional cues which can affect their proliferation and differentiation (Adams and Watt, 1993) . It is now clear that cellmatrix interactions are in large part mediated by integrins (Ruoslahti, 1991; Hynes, 1992) and that ligation of integrins results in intracellular signaling (Juliano and Haskill, 1993; . Many of the influences of basement membranes on cellular behavior can be recapitulated in vitro by laminins or blocked with anti-laminin antibodies (Adams and Watt, 1993) . It is therefore important to elucidate the mechanisms by which binding of laminins to integrins results in the activation of signal transduction pathways.
Laminins are a growing family of obligatory components of basement membranes expressed in a tissueand development-specific manner (Engvall, 1993) . At least six cell surface receptors, including various P integrins and the ct644 integrin, have been implicated in binding to laminins and in many cases their binding specificities appear to overlap (Mercurio, 1990; Hynes, 1992) . Cell adhesion to laminins, however, results in different patterns of gene expression depending on cell type and perhaps developmental stage (Di Persio et al., 1991; Roskelley et al., 1994) , suggesting that specific signals may result from the engagement of distinct laminin binding integrins in different cells.
Focal adhesion kinase (FAK) has been implicated in signaling from PI and ,3 integrins (Guan and Shalloway, 1992; Hanks et al., 1992; Lipfert et al., 1992) . There is evidence suggesting that FAK can link integrins to the ras signaling pathway (Schlaepfer et al., 1994) , as well as induce intracellular changes which are potentially important for assembly of the actin cytoskeleton, such as phosphorylation of paxillin and tensin (Burridge et al., 1992; Bockholt and Burridge, 1993) and activation of Rho (McNamee et al., 1992; Chong et al., 1994) . However, the mechanisms by which j1 and 3 integrins activate FAK have remained elusive so far. In particular, since ligation of the platelet integrin ctIIb33 causes a cascade of tyrosine phosphorylation events prior to activation of FAK (Huang et al., 1993) and since the latter event requires an additional co-stimulus provided by an agonist receptor (Shattil et al., 1994) , it is possible that FAK does not lie immediately downstream of the integrins. Thus although these results establish the role of integrins in signaling, they do not clarify how lamininderived signals are transduced at the plasma membrane and how specificity of signaling is achieved.
The ou634 integrin is a receptor for various laminins and binds with the highest relative affinity to laminins 4 and 5 (Spinardi et al., 1995) . The highest levels of expression of Ot6P4 are observed in the basal cell layer of stratified epithelia (Kajiji et al., 1989) , at the ends of endothelial sprouts during angiogenesis (Enenstein and Kramer, 1994) , in Schwann cells at the onset of myelination (Einheber etal., 1993) and in CD4-CD8-pre-T lymphocytes entering the thymus (Wadsworth et al., 1992) , suggesting the involvement of aC64 in various morphogenetic events. In addition, increased levels of a6f4 are expressed in squamous, but not basal, carcinomas in humans (Kimmel and Carey, 1986; Savoia et al., 1993) and suprabasal expression of 0C6P4 is associated with malignant progression during mouse skin carcinogenesis (Tennenbaum et al., 1993) . Elucidation of the signal transduction mechanism of the x6434 integrin may, therefore, help us to understand
Signal transduction by the a6Pi4 integrin the differential effects induced by basement membranes in different normal cell types, as well as the significance of ctg4 up-regulation in cancer cells.
The cytoplasmic domain of P4 may provide the ct4 integrin with unique cytoskeletal and signaling interactions. The 4 tail is very large (-1000 amino acids) and bears no homology with the short cytoplasmic domains of other known fi subunits, including the l and 1-3 integrins, which are known to activate FAK. It contains, toward its C-terminus, two pairs of type III fibronectin (Fn)-like modules interrupted by a 142 amino acid long sequence (Connecting Segment) (Hogervorst et al., 1990; Suzuki and Naitoh, 1990) . Furthermore, in contrast to the PI and f3 integrins, which localize to focal adhesions, the Ot,B4 integrin is found concentrated in hemidesmosomes (Carter et al., 1990; Stepp et al., 1990 ). Recent results demonstrate that CQ4P4 plays a necessary role in the assembly of hemidesmosomes (Spinardi et al., 1995 Figure 2B and C), suggesting that tyrosine phosphorylation of 4 is subject to negative regulation by protein tyrosine phosphatases. The relatively rapid time course of f4 dephosphorylation observed after antibody-mediated engagement of the integrin (Figure 1 ) and the ability of micromolar concentrations of sodium orthovanadate to induce significant tyrosine phosphorylation of N in intact cells (see Figure 7A and Figure 3A ). Although the other two Shc isoforms, p46shc and p66shc, are expressed at levels comparable with that of p52shc in A431 cells (Pelicci, 1992) and are recognized by the antibodies used in this study, only a very modest amount of p46shc and no p66shc was detected in association with X604. In addition, in accordance with the observation that ct4 does not contain tyrosine phosphorylation sites conforming to the consensus for binding to the p85 subunit of phosphatidylinositol-3-hydroxyl kinase or phospholipase C-y (Songyang et tyrosine-phosphorylated N, subunit can interact directly with both the PID and the SH2 domain of Shc.
To examine the effect of ot034 ligation on tyrosine phosphorylation of Shc, A431 cells were incubated with anti-54 or control beads and immunoprecipitated with antiShc antibodies. The samples were analyzed by immunoblotting with anti-P-Tyr antibodies. As shown in Figure 4 (upper panel), treatment of the cells with anti-,84, but not control, beads led to tyrosine phosphorylation of ps2shc. Two tyrosine-phosphorylated proteins were co-immunoprecipitated with Shc, a 195 kDa component which appeared to be constitutively associated with Shc and was not investigated further (lower arrow) and a 200 kDa molecule which was detected in association with Shc in cells treated with anti-54, but not control, antibodies (upper arrow). Reprobing of the blot with the anti-(34 monoclonal antibody 450-l1 A revealed that this latter protein corresponded to the tyrosine-phosphorylated N subunit. These results indicate that upon forming a complex with activated a6(4, p52Shc becomes phosphorylated on tyrosine.
To examine the possibility that tyrosine-phosphorylated Shc associates with Grb2 upon ligation of c6f4, extracts derived from A431 cells treated with anti-04 or control beads were subjected to immunoprecipitation with antiShc antibodies followed by immunoblotting with antiGrb2 antibodies. The result indicated that Grb2 forms a complex with Shc in cells stimulated with anti-54, but not control, beads (Figure 4 , lower panel). Grb2 could also be detected in anti-54 immunoprecipitates from stimulated cells, but in lower amounts than in the anti-Shc immunoprecipitates. Together with the observation that the N3 tail does not contain consensus Grb2 binding motifs (Songyang et al., 1993) Cell adhesion to laminin 5 results in tyrosine phosphorylation of f4 and p52Shc
We next asked whether the above-described intracellular events also occurred in response to engagement of a604 by extracellular matrix ligand. A431 cells were serum starved, detached and either kept in suspension or plated for different times on laminin 5 matrix-coated plates.
Tyrosine phosphorylation of N and p52shc was monitored by immunoprecipitation with specific antibodies followed by immunoblotting with anti-P-Tyr antibodies. As shown in Figure 5 , cell adhesion to laminin 5 resulted in tyrosine phosphorylation of N, p52shc and, to a minor extent, p46shc, but these events occurred with slower kinetics than in cells incubated in suspension with anti-P4 beads.
Presumably this is because ligation of integrins during cell adhesion to extracellular matrix ligand does not occur as rapidly and synchronously as during incubation with antibody-coated beads. These results suggest that the binding of extracellular matrix ligands to a6N4 results in the same intracellular changes that are observed upon antibody-mediated ligation of the integrin.
Phosphorylation of a tyrosine-based activation motif (TAM) in the ,4 cytoplasmic domain To assess the biological significance of N phosphorylation, we sought to examine the tyrosine phosphorylation sites in P4. Preliminary studies using a combination of deletion mutagenesis and immunoblotting with anti-P-Tyr antibodies pointed to the presence of major tyrosine phosphorylation sites in the 04 Connecting Segment (data not shown). Inspection of the amino acid sequence of the Connecting Segment revealed three potential tyrosine phosphorylation sites: Tyr1343, Tyrl422 and Tyrl440. We noted that the closely spaced Tyrl422 and Tyrl440 are embedded in very similar amino acid contexts. In particular, both residues are followed at position + 3 by a leucine. Tandem tyrosine phosphorylation sites with a leucine at position +3 play a critical role in signal transduction by antigen receptors and are commonly referred to as TAMs or antigen recognition activation motifs (ARAMs) (Weiss and Littman, 1994) . Figure 6 shows (Figure 7A and B).
Staphylococcus V8 protease digestion of wild-type N from vanadate-treated cells yielded five major phosphopeptides (S1-S3, Y5 and Y6) and a number of minor phosphopeptides (YI-Y4) (Figure 7, top panel) . Phosphoamino acid analysis of individual phosphopeptides indicated that the major phosphopeptides S1-S3 contain exclusively radioactive phosphoserine. This observation is consistent with their presence in phosphopeptide maps of f4 isolated from unstimulated cells. In contrast, the two major phosphopeptides Y5 and Y6, as well as the minor phosphopeptides Y1-Y4, which were only detected in stimulated cells, were found to contain exclusively phosphotyrosine. We concluded that 4 is phosphorylated at multiple tyrosine residues in vivo.
We next examined the phosphopeptide maps of mutant subunits Y1422F and Y1440F. As shown in Figure 7C ( (Spinardi et al., 1993 (Spinardi et al., , 1995 Figure 9B , panel a; Spinardi et al., 1993 Spinardi et al., , 1995 (Weiss and Littman, 1994) , suggest that OC6a4 may be associated with a src family member. The observation that the 1 subunit can be phosphorylated on Immunofluorescent staining was performed using the 3E1 antibody followed by FITC-conjugated goat anti-mouse IgG. Identical results were obtained with three independent clonal cell lines of each type.
potentially able to interact with the Shc SH2 domain (Songyang et al., 1994) and three N-X-X-Y motifs which could bind to the Shc PID (Kavanaugh et al., 1995) . Although definition of the [4 sequences involved in interaction with Shc requires further mutagenesis experiments, the present results suggest that the PID and SH2
domains of Shc may bind to 4 by a cooperative mechanism similar to that described for their binding to the epidermal growth factor receptor (Batzer et al., 1995 with the ras GTP exchanger mSOS (Schlessinger, 1994; Pawson, 1995 Binding of laminin 5 to°C 604 integrin plays an essential role in the organization of hemidesmosomes (Spinardi et al., 1995) . What is the nature of this signal? The TAM was originally identified as a common motif present in several immune receptors (Reth, 1989) . In the TCR system, as a result of simultaneous binding of the TCR oa/P heterodimer and co-receptor CD4 to the peptide-bearing MHC molecule, Ick comes into close proximity to and phosphorylates the TAMs present in the multichain invariant CD3 complex. Phosphorylation of 4 chain TAMs provides a template for binding of the tyrosine kinase ZAP70 involved in subsequent downstream signaling events (Weiss and Littman, 1994) . It is possible that the mechanism by which phosphorylation of the 0 TAM regulates cytoskeletal assembly also involves binding to an SH2 domain-containing protein. The tyrosine kinases ZAP70 and syk contain two tandem SH2 domains through which they bind to the phosphorylated TAMs of the T cell and B cell receptors respectively (Weiss and Littman, 1994) . These molecules, however, are restricted to the immune system. In addition, the spacing between Tyr1422 and Tyrl440 in 4 is larger than the distance between the tyrosines in other TAMs. These observations raise the possibility that the f4 TAM has a distinct binding specificity. To prove this model it will be necessary to identify the protein kinase or adaptor interacting with the N TAM.
In sum, the results of this study suggest a model of signal transduction by ct44 integrin that involves a number of sequential steps (Figure 10) (Kimmel and Carey, 1986; Savoia et al., 1993; Tennenbaum et al., 1993) and to its ability to link to the ras pathway. Squamous carcinoma cells, however, lack well-organized hemidesmosomes (Schenk, 1979) (Vuori and Ruoslahti, 1994) suggests that an additional level of complexity in integrin signaling may result from interaction between growth factor-and adhesiondependent pathways. In this context, the results of this study represent a first step toward understanding the mechanisms of signal transduction by integrins.
Materials and methods

Antibodies
The monoclonal antibody 3E1, reacting with the extracellular portion of human 04, and the rabbit polyclonal antiserum to the C-terminal peptide of 14 have been described previously (Giancotti et al., 1992) . The anti-N4 monoclonal antibody 450-9D and 450-1 lA have also been previously characterized (Kennel et al., 1990) . The monoclonal antibody AIIB2 binds to the extracellular portion of the human , 1 3 subunit (Werb et al., 1989) . The anti-MHC monoclonal antibody W6.32 reacts with human and cultured rat cells (Kahn-Perles et al., 1987) . The rabbit polyclonal anti-P-Tyr serum 72 was produced according to published procedures (Kamps and Sefton, 1988) . The monoclonal anti-P-Tyr antibody 4G10 was from UBI (Lake Placid, NY). The monoclonal anti-P-Tyr antibody PY20 and the monoclonal anti-Shc antibody were from Transduction Laboratories (Lexington, KY). The polyclonal anti-Shc serum 410 was obtained by immunizing a rabbit with a GST fusion protein containing the SH2 domain of the protein (Batzer et al., 1995) . The monoclonal antibody recognizes an epitope in the SH2 domain of Grb2.
Constructs and transfections All eukaryotic expression constructs were assembled in the CMV promoter-based vector pRC-CMV (Invitrogen Corp., San Diego, CA).
The plasmids encoding the wild-type and tail-less human P4 subunits have been previously described (Spinardi et al., 1993 (Spinardi et al., 1993) .
GST fusion proteins encoding the murine Shc PID (residues 1-209) and SH2 domains were expressed and purified on glutathione-agarose beads as previously described (Blaikie et al., 1994) .
Biochemical methods
To obtain selective ligation of a6I4 in the absence of any co-stimulus, the cells were serum starved, detached with 10 mM ethylenediamine tetraacetate (EDTA) (Spinardi et al., 1995) for the indicated times. At the end of the incubation the cells were extracted for 30 min at 0°C with RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycolate, 0.1% SDS) or lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100) containing 1 mM sodium orthovanadate, 50 mM sodium pyrophosphate, 100 mM sodium fluoride, 0.01 % aprotinin, 4 ,g/ml pepstatin A, 10 ,g/ml leupeptin, 1 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM EDTA and 1 mM ethylene glycol-bis(13-aminoethylether)-N,N,N',N'-tetraacetate (EGTA) (all from Sigma, St Louis, MO).
To examine the detergent solubility of phenylalanine mutant subunits, subconfluent monolayers of the various clones were extracted on ice with 50 mM Tris, pH 7.5, 150 mM NaCl, 0.2% Triton X-100 and protease inhibitors for 5 min. The detergent-soluble fraction was recovered and the insoluble cytoskeletons were washed and then extracted with RIPA buffer and protease inhibitors. Detergent-soluble and -insoluble fractions derived from the same sample were directly compared.
Immunoprecipitation and immunoblotting were performed as previously described (Giancotti and Ruoslahti, 1990; Giancotti et al., 1992) . Nitrocellulose-bound antibodies were detected by chemiluminescence with ECL (Amersham Life Sciences, Little Chalfont, UK).
For binding studies, rat 804G cells expressing the human wild-type [4 subunit were serum starved and treated with 100 jM sodium orthovanadate plus 3 mM H202 or stimulated in suspension with anti-[4 beads for 10 min at 37°C. After extraction in SDS buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% SDS) with protease inhibitors, the lysates were heated for 5 min at 80°C, sonicated and diluted with 9 vol. lysis buffer. Glutathione-agarose beads carrying the GST fusion proteins were incubated with the denatured lysates (10 jg fusion protein/l mg total proteins) for 2 h at 4°C, washed and boiled in SDS-PAGE sample buffer. Samples were separated by SDS-PAGE and analyzed by immunoblotting with polyclonal anti-[4 antibodies.
For immune complex kinase assay, subconfluent cell monolayers were extracted with 50 mM Tris, pH 7.5, 150 mM NaCl, 1% Brij 96 and phosphatase and protease inhibitors. After clarification, the extracts were immunoprecipitated as described above. The affinity beads were washed extensively with the extraction buffer without phosphatase inhibitors and then equilibrated in kinase buffer (10 mM Tris, pH 7.4, 10 mM MnCl2, 20 mM p-nitrophenylphosphate). The kinase reaction was initiated by adding 50 gl kinase buffer containing 20 jiCi [y-32P]ATP (4500 Ci/mmol; ICN Biomedicals Inc., Irvine, CA) to the beads and continued at 30°C for 30 min. The reaction was stopped by boiling the samples for 5 min in SDS-PAGE sample buffer.
Phosphoamino acid analysis was performed as described by Boyle et al. (1991) . 32P-Labeled 14 was eluted from fixed polyacrylamide gels and precipitated with 20% trichloroacetic acid. P-Labeled peptides were scraped off TLC plates, eluted in pyridine and lyophilized. Both types of sample were subjected to acid hydrolysis in 6 N HCl at 1 10°C for 1 h. Phosphoamino acids were separated by two-dimensional TLC electrophoresis in pH 1.9 buffer (2.5% formic acid, 7.8% acetic acid) for the first dimension (1.5 kV, 40 min) and in pH 3.5 buffer (5% acetic acid, 0.5% pyridine) for the second dimension (1.5 kV, 30 min). Non-radioactive standards were detected by ninhydrin staining, while radiolabeled phosphoamino acids were observed by autoradiography.
Phosphopeptide mapping was performed essentially as described by Boyle et aL (1991) (Worthington Biochemical Corp., Freehold, NJ) for 48 h at 37°C. The samples were separated by two-dimensional TLC. Separation in the first dimension was achieved by electrophoresis in pH 1.9 buffer (1.5 kV, 50 min) and in the second by ascending chromatography in Phospho Chromatography buffer (37.5% n-butanol, 25% pyridine, 7.5% acetic acid).
Immunofluorescence Cells were either fixed directly with cold methanol for 2 min or treated with phosphate-buffered saline containing 0.2% Triton X-100 for 5 min on ice prior to fixation with methanol. Immunostaining with 3El antibody was performed as previously described (Spinardi et al., 1993 (Spinardi et al., , 1995 . Secondary antibodies were species-specific. Samples were examined with a Zeiss Axiophot Fluorescent Microscope.
